Spatial linear stability analysis of shallow mixing layers is performed in the present paper for the case where friction force varies considerably in the transverse direction. Floodplains with vegetation give practical examples of such a situation. Linear stability problem is formulated for the case where friction coefficient is a function of the transverse coordinate. Numerical results show that growth rates for the case of variable friction are larger than for the case of constant friction.
Introduction
Shallow flows can often be observed in nature and hydraulic structures. Examples include wake flows (flows behind obstacles such as islands), mixing layers (flows at river junctions or in compound channels) and jets. As it is pointed out in [1] , there are three major methods for the analysis of shallow water flows: experimental investigation, numerical modeling and linear stability analysis. Methods of linear stability theory are used in order to determine conditions where a particular base flow becomes unstable. Thus, knowledge of linear stability characteristics of the flow is important for proper design and maintenance of hydraulic structures like pipelines or open channels. Linear stability analysis is usually considered as an additional tool together with numerical modeling and simulation with the objective to describe mass and momentum exchange in hydraulic structures like compound and composite channels.
Linear instability of shallow mixing layers is analyzed in many papers [2] - [5] . Bottom friction in all the above mentioned papers is modeled by means of the Chezy formula [6] , where the friction coefficient is assumed to be constant. Usually the friction coefficient is obtained from semi-empirical formulas [7] which relate the value of the friction coefficient to the Reynolds number of the flow and roughness of the surface. In such a case the friction coefficient is assumed to be constant in the whole region of the flow.
In some applications friction varies considerably in the transverse direction. One particular example is related to shallow flows under condition of partial vegetation. This situation often occurs during floods [8] . Friction force in a partially vegetated area is considerably larger than in the main channel. It is shown in this case that the base flow profile is distorted and becomes asymmetric [8] . The difference in friction forces between partially vegetated area and the main channel is modeled in [8] by a step function. Linear stability analysis is conducted in [8] under the assumption that the base flow profile is symmetric.
In the present paper we analyze linear stability problem for the case where the friction coefficient is varied in the transverse direction. The variability of the friction coefficient in the transverse direction is described by an arbitrary differentiable shape function which depends on transverse coordinate only. Linear stability problem is formulated and solved numerically in the present paper. Results of numerical calculations are presented and discussed.
Mathematical Formulation of the Problem
Consider the system of shallow water equations under the rigid-lid assumption: function. Note that the rigid-lid assumption implies that water depth is constant and continuity equation has the form (1) as for two-dimensional problems in fluid mechanics governed by Euler or Navier-Stokes equations. It is shown in [4] that linear stability characteristics of shallow flows can be accurately estimated using the rigidlid assumption if the Froude number of the flow is small enough (which is a typical situation for many shallow flows observed in nature and engineering). Thus, the rigid-lid assumption is adopted in the present paper.
Introducing the stream function (5) and eliminating the pressure from (1)- (3) Substituting (7) into (6) 
Numerical Method
There are two major approaches to the solution of (10)-(11): (a) temporal stability analysis and (b) spatial stability analysis. In case (a) it is assumed that  is real while  is complex. For spatial stability analysis  is assumed to be real while  is complex. In the present paper we perform spatial stability analysis. From a computational point of view spatial stability problem is more complicated since problem (10) , (11) we obtain discretized eigenvalue problem. The following approach is used to solve the discretized eigenvalue problem. First, we assume that both parameters A hyperbolic tangent profile of the form (14) is typically used to model mixing layers. The choice of the shape function ) ( y  in (13) is based on the following. First, with a stronger resistance force the base flow velocity becomes smaller so that (13) and (14) are consistent. Second, we would like to remove discontinuity in the friction force used in [8] and consider more realistic case of a continuous resistance which is changing with respect to the transverse coordinate. 
Conclusion and Directions of Future Work
Linear stability analysis of shallow mixing layers is performed in the present paper. It is assumed that the friction coefficient is not constant but varies in the transverse direction. It is seen from the comparison of Figures 1 and 2 that non-uniform friction (presence of vegetated layers in the flow) results in larger growth rates than the case of uniform friction. The next question to answer would be the following: "How does this fact affect the development of instability above the threshold"? It is known from previous studies on shallow water flows [9] - [12] that weakly nonlinear models can provide some insight into the development of instability in the case where the bed-friction number S is slightly smaller than the critical value (that is, the flow is linearly unstable but the growth rate of the most unstable mode is very small). Using the method of multiple scales an amplitude evolution equation is obtained following the procedure described in [13] . It turns out that the amplitude evolution equation for this case is the complex Ginzburg-Landau equation of the form |, | Landau constant in the literature). The Landau constant had the "wrong sign" in [13] which means that finite amplitude saturation was not possible and higher order terms (with respect to A ) quickly become important so that (15) can be used for a very short time (in order words, practical application of (15) is very limited). In contrast to [13] it is shown in [9] - [12] that for shallow water flows the Landau constant in (15) has the "right sign" so that (15) can be used (and was successfully used in [9] - [12] ) in order to describe some important features of shallow wake flows.
Linear stability analysis presented in the present paper can be complemented by weakly nonlinear theory. It can be shown that the amplitude evolution equation for this case is also the Ginzburg-Landau equation (15) . Experimental data presented in [8] showed that coherent structures exist in shallow mixing layers adjacent to a porous layer. Since Ginzburg-Landau equation has a rich variety of solutions depending on the values of the coefficients [14] it would be quite interesting to see whether predictions based on the Ginzburg-Landau model (15) will match experimental observations. The authors are currently working on this topic.
